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Ion channels are membrane proteins that selectively conduct ions across the cell mem-
brane. The ﬂux of ions through ion channels drives electrical and biochemical processes
in cells and plays a critical role in shaping the electrical properties of neurons. During the
past three decades, extensive research has been carried out to characterize the mole-
cular, structural, and biophysical properties of ion channels. This research has begun to
elucidate the role of ion channels in neuronal function and has subsequently led to the
development of computational models of ion channel function. Although there have been
substantial efforts to consolidate these ﬁndings into easily accessible and coherent online
resources, a single comprehensive resource is still lacking. The success of these initia-
tives has been hindered by the sheer diversity of approaches and the variety in data
formats. Here, we present “Channelpedia” (http://channelpedia.net), which is designed
to store information related to ion channels and models and is characterized by an efﬁcient
information management framework. Composed of a combination of a database and a
wiki-like discussion platform Channelpedia allows researchers to collaborate and synthe-
size ion channel information from literature. Equipped to automatically update references,
Channelpedia integrates and highlights recent publications with relevant information in
the database. It is web based, freely accessible and currently contains 187 annotated ion
channels with 45 Hodgkin–Huxley models.
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INTRODUCTION
The mammalian brain expresses approximately up to 500 ion
channel genes and their variants (Ashburner et al., 2000). Ion
channels are trans-membrane proteins that control the active and
passive electrical behavior of a cell by selectively conducting ions
across the cell membrane. The enigma of ion channel function
and the differential inﬂuence of these ion channels on neuronal
function has been the topic of much research over the past three
decades. Researchers have been working extensively to address the
genetic, proteomic, structural, biophysical, and functional prop-
erties of these ion channels and to build computational models
that capture their biophysical and kinetic behavior. Hodgkin and
Huxley (1952) developed a mathematical model of ionic conduc-
tance to demonstrate the role of ion channels in the electrical
behavior of excitable nerve cells. Since then,the Hodgkin–Huxley
model has been widely used to build ion channel models and to
construct biologically realistic neuron models. Ion channel mod-
els and their integration into neuronal models have allowed for a
better understanding of (a) the role of any particular ion channel
in generating the different electrical behaviors of neurons,(b) the
differential role of ion channels in different neurons,(c) the effect
of neuromodulators on neuronal activity at the microcircuit and
network levels.
The experimental and computational approaches employed to
unravel the enigma of ion channels have produced a signiﬁcant
volume of scientiﬁc literature. Ion channel research alone pro-
duces approximately 800 publications every month (Figure 1A).
Effectiveorganizationof thisinformationrequiresconstantmain-
tenance, dedication and follow-up due to sheer volume of data
produced, the continuously evolving data formats, and the inher-
ent diversity of research methodology. Ion channel models are
an example of a continuously evolving data format, since they
go through a number of iterations to capture the complex kinet-
ics of an ion channel by successively adding biophysical details.
There have been several efforts made to document and archive
ion channel information (Brammar, 1998; Hille, 2001; Beeman
and Bower, 2004; Hines et al., 2004; Li and Gallin, 2004; Harmar
et al., 2009). IUPHAR (Harmar et al., 2009) is currently the most
comprehensive resource available for ion channels but lacks the
computational models necessary for neuronal modeling. Mod-
elDB (Hines et al., 2004), in contrast, contains some ion channel
models but is not designed to manage these models effectively.
Further, it does not contain ion channel related information nor
cross-references to other ion channel resources like Rat Genome
and Nucleotide databases. These resources have a rigid database
structure, which makes them easily accessible and searchable but
unsuitableforunstructureddataascuratorscanonlyaddinforma-
tiontopredeﬁnedﬁelds.Generallyﬁleuploadandattachmentsare
thesolemeansbywhichunstructureddatacanbesupportedinthis
type of information system. The rigidity of these resources makes
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FIGURE1|( A )Histogram of yearly ion channel publications, generated from 180,000 ion channel references present in the Channelpedia reference database.
(B)The proposed framework for scientiﬁc information management. (C)The data source and possible user credentials. (D)The possible choices for current
implementation.
them ideal core sources for data mining, but additional online
toolsarerequiredtocreatemeta-platformsthatintegratemultiple
resources with unstructured information. Currently, Wikipedia
(Contributors, 2004) allows for the systematic addition of novel
information and also provides an ideal platform for unstructured
data. Moreover,multiple contributors on Wikipedia can speed up
theprocessofconsolidatingthedata.AdisadvantageofWikipedia-
like platforms,however,is that they do not handle structured data
effectively. Thus, efforts to summarize the ion channel knowl-
edge base have been inadequate due to the lack of a resource that
supports both unstructured and structured data.
Weproposeanovelapproachtothemanagementofionchannel
related information through Channelpedia w h i c hi saf r e e l ya c c e s -
sible web application that combines the functionality of unstruc-
tured wiki-like data and yet has the advantages of a structured
database. It provides a framework which enables the collective
contribution of researchers to build a comprehensive resource for
ionchannelinformation.Additionally,ithasabuilt-inreferencing
system that automatically ﬁlters new publications from PubMed
and adds them to their respective categories, thus automating the
acquisition and sorting of newly acquired information. It also
notiﬁes curators and researchers of newly published and rele-
vant data, thus streamlining the organization of the ion channel
knowledgebase.
METHODS AND RESULTS
OVERVIEW
The information management framework underlying Channelpe-
dia consists of ﬁve main modules: (Figure 1B). (1) Navigation,
(2) Unstructured data, (3) Structured data, (4) Discussion and
synthesis, (5) Reference management.
Easy navigation through data is an essential component of
information management and requires logical grouping and hier-
archical ordering. The current version of Channelpedia supports
easynavigationto187ionchannelsindifferentcategoriesandsub
categories.
Data can be organized into two main categories: (1) Unstruc-
tured; data that are not quantiﬁable and have storage formats that
are prone to change over time, (2) Structured; data that are quan-
tiﬁable and have storage formats that rarely change. For example,
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FIGURE 2 |An overview of the Channelpedia functionality with the Kv1.2 ion channel as an example.
the distribution proﬁles of ion channels on neurons are not fully
constrained,generally being described in qualitative terms such as
“Nav1.6 is known to be expressed in the axon initial segment of
L2/3 pyramidal neurons”and are thus categorized under unstruc-
tured data. In contrast, data about gene ID and sequence of most
of the ion channels would fall under structured data since their
data format is fully constrained. Within Channelpedia, unstruc-
tured data are stored as editable text and images and structured
data contains predeﬁned ﬁelds for data with known formats and
links to other online resources.
Datasynthesis isaproposedconceptualprocesswhereunstruc-
tured data could be converted into structured data. Channelpedia
provides an environment conducive to discussion among con-
tributors which may allow for data synthesis. For example, a
discussiononHCNdistributioncouldconcludeasanexponential
distribution over apical dendrites and these parameters could be
stored in structured data instead of descriptive language such as
“HCNisknowntobedistributedexponentiallyonpyramidalcells”
(Figure 1B).
To integrate existing information on ion channels, Channel-
pedia connects many different specialized databases and supports
different user groups to manage the data (Figure 1C). The infor-
mation source for all data is managed through the reference man-
agement module. This module also automatically ﬁnds relevant
literature from PubMed by integrating an automated web crawler
to download relevant article abstracts which are then added to
their respective categories. Contributors are notiﬁed through this
module whenever there are new publications to be curated.
Database,formatted text support,reference crawler,web inter-
face, and a web server are the basic components required for the
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proposed framework underlying Channelpedia. There are many
toolsavailabletosupportthesefunctionalities(Figure1D),oneof
them being Ruby on Rails with MySQL database which is used for
the implementation of Channelpedia.
DATA SOURCE AND SUPPORTED USER ROLES
The current version of Channelpedia (Figure 2) contains the
following sections to store unstructured and structured infor-
mation: Introduction, Genes, Ontologies, Interactions, Struc-
ture, Expression, Distribution, Function, Kinetics, and Mod-
els. Structured data contains genetic information such as gene
ID, symbol, name, synonyms, and descriptions from the Rat
Genome Database (http://rgd.mcw.edu/; Twigger et al., 2007)
which is then cross-referenced to other online resources using
Ruby scripts (Matsumoto, 2011). Information related to genes
and transcript sequences are obtained from Ensembl (Flicek
et al., 2011); protein accession and peptide sequences are
obtained from Uniprot (Jain et al., 2009); published interac-
tions are obtained from the IntAct database (Aranda et al.,
2010); complete GO annotations (process, Function, and Com-
ponent) are obtained from the Gene Ontology database (Ash-
burner et al., 2000); and 3D structures of the channels were
queried from the protein data bank (PDB; Berman et al.,
2000).
The Channelpedia framework supports three different user
credentials: (1) Visitor; can access all the data but are not
allowedtomakeanychanges,(2)Contributor;needsaframework
account to update or add new information from literature
or to upload experimental data, (3) Administrator; requires a
framework account to add/delete/change user credentials and
database structure.
Contributors and existing online resources are the two main
sourcesof data.Unstructureddata(Figure3)ispopulatedbycon-
tributors who can freely edit formatted text and upload images
without violating copyright agreements. Structured data contains
data from existing online resources and is managed by admin-
istrators using automated scripts. Experimental data from liter-
ature is also uploaded by contributors and stored as structured
data.
MODELS
The ion channel models were built with a Hodgkin and Huxley
(1952) formulation. The net current ﬂow Iion and the ionic con-
ductance gion across the membrane for a given ion is described
as
Iion = gion (Vm − Eion) (1)
gion =¯ gmPhQ (2)
where m and h represent the proportion of open activation and
inactivation gates respectively. P and Q are the numbers of inde-
pendent gates required for the observed time-course of activation
and inactivation.Vm is the membrane potential,and Eion denotes
FIGURE 3 |The data sources for Channelpedia, with a breakup of areas accessible to administrators, contributors, and visitors.
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the Nernst potential for the ion. The variable ¯ g scales for maxi-
mum channel conductance. The general description in Eq. 1 can
be applied for different ion species. Gating variables m and h are
modeled as ﬁrst-order kinetics
dx
dt
= α(1 − x) − βx =
x∞ − x
xτ
(3)
where x denotes either m or h in Eq. 2. α and β are rate constants
for gate opening and closing, respectively, and both are functions
of Vm. Note that the ﬁnal expression in Eq. 3 presents the equiva-
lentformwithsteadystateactivation/inactivationparameter(x∞)
and time constant (xτ).
Published journal articles were manually searched for kinetic
parameters (x∞, xτ). A custom Matlab tool was used to
approximate the unavailable parameters and to recreate the
voltage response for each channel. For more details refer to
http://channelpedia.net. Apart from description of kinetics and
experimental details like temperature, cell-type, and age of the
animal, Channelpedia also contains a plot of the model response
to a step voltage protocol (Figure 4). Authorized users can
uploadmodelstoChannelpedia using a customized XML schema.
Uploaded models are available in XML format, ChannelML
(v1.8.1; Gleeson et al., 2010), or Neuron NMODL descriptions
for all users (Hines and Carnevale, 2000, 2001).
REFERENCE MANAGEMENT
ReferencesarehandledinChannelpediainatwostepprocess.The
ﬁrst step includes a weekly automated download and keyword
based classiﬁcation of ion channel related abstracts from PubMed
(Figure 5). Channelpedia contains ∼180,000 abstracts and they
are available under the reference module of Channelpedia and
categorized under different sections for each ion channel subtype.
The second step requires contributors to manually identify the
paper of interest from automatically categorized list and select
themforrespectiveionchannelpage.Thesereferencesareinitially
highlighted in red on the ion channel page and are marked up to
blue when they are used (referenced) by contributors in the ion
channel page (Figure 5). This feature enables veriﬁed integration
of new information to ion channel page and allows contributors
to identify unread publications for curation.
IMPLEMENTATION
MySQLisusedasadatabasebackendandtheRubyonRailsframe-
work implements the structure of the application. Channelpedia
FIGURE 4 | Example of the Nav1.3 ion channel kinetics model in Channelpedia, with the activation and inactivation kinetics and time constants,
representation as a mod ﬁle in the NEURON simulation environment, and in a custom XML format.
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FIGURE 5 |The reference management structure, showing the step-by-step process to download a reference from PubMed and its usage in
Channelpedia.
also uses several plugins or gems for other functionalities. The
list of Ruby gems used are: Nokogiri for XML parsing, OpenURI
as a wrapper for net/http, Hpricot for HTML parsing, Mech-
anize for web automation, bluecloth for wiki formatting, and
Attachment_fu plugin for ﬁle uploads (Figure 6).
DISCUSSION AND FUTURE DIRECTIONS
In this study we have proposed “Channelpedia” which utilizes
an alternate approach to information management and facili-
tates the building of an ion channel knowledge base to accom-
modate both structured and unstructured data. The structured
data reside in “queryable” database structures whereas unstruc-
tured data remain in wiki-like formatted text and image format.
Although there is no automatic way to convert unstructured data
into structured data, the framework is designed in such a way
that by adding relevant database tables and tags to these tables,
it will be possible to move the desired data into a structured
format.
For example, Channelpedia currently only supports Hodgkin–
Huxley models but by adding a database table “Markov Models”
FIGURE 6 |The overall architecture of Channelpedia, and tools used to
manage the database, ﬁle upload, wiki formatting, web automation,
HTML, and XML parsing.
with appropriate entities, Channelpedia will be able to support
Markov models in the structured database. Channelpedia is
currently unable to store raw data, analysis code, analysis
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results, and hypotheses in a machine-readable format instead of
descriptivelanguage.Ideally,aprovisionshouldbemadetodothis,
but signiﬁcant technological and administrative advancement is
required to tackle this problem.
Temperature coefﬁcient factor (Q10) is used to capture the
effect of temperature on gating kinetics. In most of the ion chan-
nel models Q10 factor is approximated to 2.3, whereas in reality
it could vary between 2 and 30 (Dhaka et al., 2006). To keep
such modiﬁcations and assumptions traceable we propose to add
a separate model for each assumption.
Ion channel kinetics are often modiﬁed to achieve desired
results in neuronal modeling. It becomes difﬁcult to ﬁnd the
kinetics of the original model after several such modiﬁcations.
For example, the Kv2.1 ion channel model used in (John-
son and Mcintyre, 2008) contains an activation parameter
v1/2 =−22mV, citing (Chan et al., 2007) with v1/2 =17.5mV,
whereas, experimental data reports this value to be −18mV
(Baranauskas et al., 1999). Channelpedia with its Wiki-like
functionality can provide an ideal platform to track such
changes.
Data on ion channel interactions, 3D structure, expression in
brainregions,cellulardistribution,andfunctioninneuronalactiv-
ity are currently limited in Channelpedia. Although references are
automatically curated, it would require a signiﬁcant amount of
manual effort to summarize published literature. We are actively
adding more information from literature and expect more user
contributions to make it a more reliable and comprehensive
database for ion channels.
CurrentlyChannelpedia supportsverylimitedapplicationpro-
gramming interfaces (APIs) but future versions of Channelpedia
will include support for ontology and generic querying to access
any aspect of the data. Using ontologies along with APIs would
be an ideal way to connect multiple Channelpedia-like, small, but
specialized databases.
Channelpedia exempliﬁes the combined functionality of struc-
turedandunstructureddatamanagementmergedwithintelligent
automated reference handling. A generic implementation of this
tool,whichuserscancustomizetotheirspeciﬁcneeds,couldmake
this approach generally useful to other domains of research.
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